The correspondence between condensed matter and high-energy physics has been a source of inspiration throughout the history of physics. Advancements in topological band theory have uncovered a new and profound relations that has enabled the realization of elementary relativistic fermions in crystals with unique topologically non-trivial properties [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] .
Specifically, the low-energy quasiparticle excitations of type-I Dirac semimetals [5] [6] [7] [8] [9] [10] , type-I Weyl semimetals [11] [12] [13] [14] [15] [16] [17] , and topological superconductors [18] [19] [20] are the direct representations of relativistic Dirac, Weyl, and Majorana fermions, respectively. From an application perspective, what makes this realized connection with high-energy physics of importance and interest is the resulting broad range of topologically protected phenomena that can be potentially used for low-power electronics, spintronics, and robust qubits [21] [22] [23] . For these reasons, the type-I Dirac semimetal state in Na 3 Bi [6, 7] and Cd 3 As 2 [8, 9] , the type-I Weyl semimetal state in the TaAs family of crystals [15, 17] , and the various topological superconductor candidates [18] [19] [20] have attracted tremendous interest. Very recently, a new line of thinking that looks for new topological quasiparticles beyond direct analogs in high-energy physics, has gained attention. Such an idea offers inroads into new topological phenomena that are not limited by the stringent constraints in high-energy physics [24] [25] [26] . A particularly interesting proposal is the prediction of type-II emergent Weyl fermions [27] . Type-I Weyl fermions, which have been realized in the TaAs family of crystals, are the direct analogs of the massless relativistic Weyl fermion from high-energy. They respect Lorentz symmetry and have the typical conical dispersion. In contrast, type-II Weyl fermions are dramatically Lorentz symmetry breaking, which is manifest in a tilted-over cone in energy-momentum space [27] . These Lorentz violating Weyl fermions can give rise to many new properties, such as a direction-dependent chiral anomaly [28] , an anti-chiral effect of the chiral Landau level [29] , novel quantum oscillations due to momentum space Klein tunneling [30] , and a modified anomalous Hall conductivity [31] . The novel type-II Weyl semimetal state has been recently predicted/confirmed in a number of 3D crystals [27, [32] [33] [34] [35] [36] [37] [39] [40] [41] .
Since the type-II behavior only relies on the fact that Lorentz invariance is not a necessary symmetry requirement in condensed matter physics, in solid-state crystals, Lorentz symmetry breaking is not limited to the type-II Weyl fermion and, in principle, can emerge in other particles, including the Weyl fermion's most closely related particle, the Dirac fermion. However, to date, three-dimensional (3D) type-II Dirac fermions remain entirely lacking. Here, for the first time, we propose the concept of the 3D type-II Dirac semimetal state and identify it in a large family of transition-metal icosagenides, MA 3 (M=V, Nb, Ta; A=Al, Ga, In).
Type-II Dirac fermions
The VAl 3 family of compounds crystalizes in a body-centered tetragonal Bravais lattice with lattice constants a = 3.78Å and c = 8.322Å [42] and the space group I4/mmm (No.
139), as shown in Fig. 1a . In this structure, each Al atom is surrounded by four V atoms in two different local structures: a planer square and a tetrahedron geometry (Fig. 1b) . Figure 1c shows the bulk Brillouin zone of the VAl 3 crystal.
Interestingly, without spin-orbit coupling (SOC), the conduction and valence bands cross to form a triply-degenerate point along the Γ − Z line, which, upon the inclusion of SOC, evolves into the type-II Dirac node. We present a physical picture for the formation of the type-II Dirac fermions in VAl 3 (Figs. 1d-f ). The important symmetries are time-reversal (T ), space-inversion (I), the C 4z rotation, and the M x mirror reflection. Since the Γ−Z line lies in the M x mirror plane and coincides with the C 4z rotational axis, the electron states along Γ − Z are required to be eigenstates of both operators. In the absence of SOC, the C 4z operator has the following four eigenvalues, ±1 and ±i, and we denote the corresponding eigenstates asψ 1 ,ψ −1 ,ψ i , andψ −i , respectively. Under the M x mirror reflection,ψ 1 ,ψ −1 remain unchanged (M xψ1 =ψ 1 , M xψ−1 =ψ −1 ), whereasψ i andψ −i will transform into each other M xψi =ψ −i . Thus, as M x and C 4z do not commute in this subspace, ψ i and ψ −i must remain degenerate everywhere along the Γ−Z line. In the case of VAl 3 , our calculation shows that the observed triply-degenerate point is formed by the crossing between aψ −1 (singlydegenerate) band and aψ ±i (doubly-degenerate) band (Fig. 1d) . This triple degeneracy is protected because the presence of C 4z rotational symmetry prohibits hybridization between states of different C 4z eigenvalues. Now we explain how the triply-degenerate point evolves into the type-II Dirac node upon the inclusion of SOC. With SOC, the four eigenvalues of C 4z become e iπ 4 , e . Adding SOC also doubles the number of bands at play (Fig.   1e ). Along Γ − Z, the doubling of the bands can be tracked by their C 4z eigenvalues.
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We now present the calculated band structure of VAl 3 to reveal the Dirac node and its type-II character. Figure 2a shows the calculated bulk band structure along high symmetry directions. We mark the energy gap between the lowest conduction and valence bands by the green shaded areas. The conduction and valence bands cross each other near the Fermi level at discrete k point, revealing the semimetallic ground state. In Fig. 2d , we show the zoomed-in view of the band structure near the crossing point. We see that, along the Γ − Z In order to understand the topological properties of the type-II Dirac semimetal state in VAl 3 , we calculate the 2D Z 2 invariant ν 2D and the mirror Chern number n M . A 2D
Z 2 invariant can be defined on any 2D k plane that is time-reversal invariant and whose band structure has a full energy gap. In VAl 3 , the 2D planes that satisfy these conditions include k z = 0 and k z = π. Since the system preserves space-inversion symmetry, ν 2D can be computed through a parity analysis. In Table 1 , we show the parity total eigenvalue of the occupied states for the eight time-reversal invariant momenta, from which we conclude that both the k z = 0 and k z = π planes have a trivial Z 2 number (ν kz=0 = ν kz=π = 0). A mirror Chern number n M can be defined on any 2D k plane that is invariant under a mirror reflection and whose band structure has a full energy gap. In VAl 3 , only the k z = 0 plane satisfies these conditions. We computed the n M associated with the M z mirror plane by the Kubo formula, and our calculations show n M = 2 for the k z = 0 plane. We note that existing Dirac semimetals Na 3 Bi and Cd 3 As 2 are known to possess a 2D Z 2 (ν 2D = 1) and a mirror Chern number (n M = 1), respectively [10] . Therefore, the result n M = 2 indicates that the Dirac semimetal state in VAl 3 is topologically distinct from that of in Cd 3 As 2 or Na 3 Bi [10] .
We now explore the existence of protected surface states in VAl 3 and their connection to the type-II Dirac nodes. In order to do so, we calculate the surface electronic structure of the (100) Topological phase transitions in VAl 3 .
To further showcase the novel physics that may be studied in VAl 3 , we will now turn our attention towards investigating its topological phase transitions. Generically, a Dirac Since the C 4 rotational symmetry is preserved, the quadratic Weyl nodes are still along the C 4 rotational (k z ) axis. The k space distribution of the quadratic Weyl nodes (Fig. 4e) breaks time-reversal symmetry. As a result, as shown in Fig. 4e , any (k x , k y ) slice whose k z is between the immediate pair of quadratic Weyl nodes has a Chern number of 2. The fact that the BZ carries nonzero chiral number suggests the existence of anomalous Hall current σ xy that arises from the quadratic Weyl nodes [46] . Figure 4i shows the calculated band structure along k z in the presence of the Zeeman field, where we see that the type-II Dirac fermion (Fig. 4h ) indeed splits into a pair of type-II quadratic Weyl nodes. Each quadratic
Weyl fermion disperses quadratically along k x and k y directions (Fig. 4j ) but linearly along (Fig. 4i) . In Figs. 4f,g, we further break the C 4 rotational symmetry. We find that the C 4 breaking splits each double Weyl nodes with chiral charge ±2 into two single
Weyl node with chiral charge ±1. Therefore, a net number of four Weyl nodes are generated from a singe type-II Dirac node in VAl 3 . Depending on whether one compresses the lattice alongx orŷ direction, the splitting of the double Weyl nodes will be along k x or k y direction. 
Landau level spectrum
We study the Landau level spectrum of the type-II Dirac fermions in VAl 3 (Fig. 5 ). In the presence of an external magnetic field, electrons in 2D move in cyclotron orbits with quantized energy values, the Landau levels. In a 3D material, the Landau levels further gain dispersions along the direction of the magnetic field. The Landau level spectrum plays a key role in dictating the magneto-transport properties of materials. In Fig. 5a , we show the Landau level spectrum for the type-II Dirac fermions in VAl 3 . We see that, except the red lines which are the lowest Landau levels, all higher Landau levels are segregated into two groups (the conduction and valence bands) separated by an energy gap. The lowest Landau levels are found to connect the conduction and valence bands across the band gap. The existence of zeroth (0 th ) Landau levels connecting the band gap is a signature of Dirac/Weyl fermions. In the case of a Weyl fermion, the 0 th Landau level is one chiral band (Fig. 5c ).
In the case of a Dirac fermion, the 0 th Landau levels are a pair of counter-propagating chiral bands as a Dirac fermion consists of a pair of Weyl fermions of opposite chirality. This can be easily seen in a type-I Dirac fermion shown in Fig. 5a . For the type-II Dirac fermion in VAl 3 (Fig. 5b) , the two chiral bands have Fermi velocities of the same sign, which seems to contradict the above picture. This is because the band gap, i.e., the white region in Fig. 5b separating the conduction and valence bands, is heavily tilted due to the type-II character. If one tilts the band gap back to being horizontal, then the two 0 th Landau levels are counter-propagating.
We find that the type-II character in VAl 3 leads to a distinct response in its Landau level spectrum, i.e., the existence of a critical angle of the magnetic field, along which all Landau levels "collapse" into the same energy, giving rise to a large density of states [29, 30] . We start from the condition where the magnetic field is parallel to the tilting direction of the type-II Dirac cone, which is the k z direction in VAl 3 . In this case, the electrons' cyclotron motions are within the (k x , k y ) plane. In the semiclassical picture, the electrons will trace the Fermi contour within this plane. Fig. 5d shows the band dispersion along kk x . Since the dispersion has a typical conical shape, the constant energy contour is a closed loop independent of the chemical potential position (the top panel of Fig. 5g ). We now vary the magnetic field direction within the (k x , k z ) plane. Figure5e shows the energy dispersion along k θ1 that is perpendicular to the magnetic field B θ1 (Fig. 5g) . We see that the dispersion becomes a tilted cone, while the constant energy contour is a still closed loop (the middle panel of Fig. 5g ). As we continue to tilt the magnetic field, there exists a critical angle, at which one of the bands becomes flat. This means that, to the lowest order (k 1 term in the k · p theory), the Fermi contour becomes non-closed (the bottom panel of Fig. 5g ).
Interestingly, our calculations show that, to the lowest order, all Landau levels collapse to the same energy. When considering higher order terms, the Landau levels are still confined to a very narrow energy window at this critical angle, leading to a large density of states (Fig. 5f ). Based on the calculated band structure of VAl 3 , we obtain a critical angle 0.247π (between the magnetic field and k z ) for the type-II Dirac fermions in VAl 3 .
Finally, we consider the effects of exchange/Zeeman coupling of the magnetic field. Figures 5h-k show the Landau level spectrum with different magnitudes of the Zeeman field.
It can be seen that, the inclusion of an Zeeman coupling moves the two crossings of the two counter-propagating chiral bands closer (Figs. 5h,i Zeeman coupling, at which the two crossings meet at k z = 0 and at the same time the band gap closes (Fig. 5j) . This corresponds to process shown in Fig. 5n , where the two double
Weyl nodes meet and annihilate at theΓ point. If one further increases the Zeeman coupling beyond this critical value, the band gap reopens and two co-propagating chiral bands appear (Fig. 5k) . This corresponds to scenario shown in Fig. 5o . Only one pair of double Weyl nodes are left following the annihilation atΓ. Since each double Weyl node has a chiral charge of ±2, it contributes two co-propagating chiral Landau bands (Fig. 5k) .
The rich and novel Landau level spectra of the type-II Dirac fermions in VAl 3 uncovered above suggest distinct and novel magneto-transport phenomena that can be measured in electrical transport, optical transport, and scanning tunneling spectroscopic experiments. k · p model.
To better understanding the fundamental properties of Type-II Dirac semimetal, we synthesize a k.p model is as follow. Let us consider 4 × 4 matrix minimal Hamiltonian, which general has the following form,
where the σ 0 and τ 0 are identity matrices. σ 1,2,3 and τ 1,2,3 are Pauli matrix which indicates spin and orbital degree of freedom, respectively. We assume a ij (k) and h σσ ′ are real functions.
To fit the VAl 3 , we constrain the form of H(k) by time-reversal symmetry (TRS), spatial inversion symmetry (IS), and C 4 rotational symmetry along the z-axis. At first, we impose TRS on H(k). The TRS can be represented by the operator Θ = iσ 2 κ, where κ denotes complex conjugation and σ 2 is the second Pauli matrix acting on the electron spin. Under TRS, H(k) requires ΘH(k)Θ −1 = H(−k), giving rise to h ↓↓ (k) = h * ↑↑ (−k) and h ↓↑ (k) = -h * ↑↓ (−k). Thus Hamiltonian can be written in the following form.
Second, we impose IS on H(k). The invariance of the H(k) under IS, that is, P H(k)P −1 , where P is IS operator. Since P is independent of the spin rotation, P can be written P = α 0 τ 0 + ·τ , where α 1,2,3,4 are complex numbers. In addition, we claim because P 2 = 1 because it should be equivalent to the identity operator up to a global U(1) phase factor, that is, P 2 = e i2φ ·I = α 2 0 + α 2 +2α 0 α·τ . Therefore, P = ±e iφ τ 0 or e iπ α ′ ·τ , where α ′2 = 1. To determine α ′ and φ, three conditions constrain are needed, (1) [Θ, P ] = 0, (2) P † P = 1, and (3) (ΘP ) 2 = -1. Thus, the general solution of P is P = ±τ 0 or cosθτ 3 -sinθτ 1 with θ ∈ [0, 2π]. In this work, we pick up P = τ 0 . Finally, let us consider rotational symmetry on H(k). We choose k z as a rotation axis and C 4 matrix are diagonal C 4 = diag(u A↑ , u B↑ , u A↓ , u B↓ ) = diag(α p , α q , α r , α s ), where α p = e 
